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(54) Method of and apparatus for reducing vibrations on probes carried by coordinate measuring 
machines 



(57) A coordinate measuring machine (CMM) car- 
ries a probe and is controlled by a controller to drive the 
probe to take measurements on a workpiece. In order 
to reduce the effects of acceleration-induced deflections 
of the probe on the measurements made by the ma- 
chine, accelerometers are provided to measure the ac- 
celerations of the probe and to produce signals indica- 



tive thereof. The acceleration signals (45) are passed to 
the controller (Fig 2) where they are integrated (46) and 
filtered (48) before being passed as velocity signals (49) 
to a summing junction (50) from which they are fed to a 
velocity feedback control loop (34,35,36,37) which re- 
duces any changes in the velocity (and hence deflec- 
tion) of the probe due to the accelerations. 
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Description 

[0001 ] The invention relates to reducing the effects of 
machine vibration on the accuracy of measurements 
made by a machine using a probe carried by the mov- 
able arm of a machine, for example a coordinate meas- 
uring machine (CMM), during a measurement process. 
The invention is applicable to a measurement process 
in which the measurements are made using a touch trig- 
ger method or a scanning method and may involve the 
use of analogue, digital probes or non-contact probes. 
[0002] One method of 3D surface scanning involves 
moving a scanning probe attached to the quill of a CMM 
over the surface of an article to be measured, and noting 
the coordinates of the position of a workpiece-contact- 
ing stylus of the scanning probe at a number of points 
on the surface of the article. The motors of the machine 
are provided with speed demand signals from the con- 
troller, and it is usual to have servo-loops within the con- 
troller which obtain position and velocity feedback from 
each axis of the machine to control the motor speeds. 
Velocity feedback is derived by means of a tachogen- 
erator on the motor, and positional feedback is obtained 
by means of a linear encoder system on each axis of 
the CMM. 

[0003] The current method however does not take in- 
to account the dynamics of the CMM. It assumes that 
all the axes of the CMM are rigid, and therefore that the 
feedback from the tachogenerators and linear encoders 
are sufficient for accurate servo control of the position 
of the scanning probe. 

[0004] However, CMMs are not infinitely rigid struc- 
tures. Most have flexible structural members onto which 
the probe is mounted, and these are subject to vibration, 
produced by the drive motors and external disturbances 
such as air bearing instability and mechanical linkages. 
These vibrations, either by themselves or by exciting the 
resonant frequencies of the machine structures, can 
give rise to the scanning probe losing contact with the 
surface being scanned, or inaccuracies in the measure- 
ments being taken, resulting in reduced measuring ac- 
curacy and increased scanning time. 
[0005] In the scanning process described above, 
scanning time can be reduced if the coordinate meas- 
uring machine can be run at higher speed, and if less 
time is spent on surface recoveries, i.e. repeating move- 
ments where the scanning probe left the surface. 
[0006] In a touch trigger measurement process during 
which the machine is stopped each time the probe con- 
tacts a workpiece, measurement speed can be in- 
creased if the machine could be allowed to move around 
more quickly and to stop and start more quickly with less 
vibrations. 

[0007] Various methods have been used in the past 
to try and eliminate or at least reduce the effects of such 
vibrations. 

[0008] For example, vibrations can arise from the fre- 
quency response of the various structures of the ma- 



chine to frequencies induced in the drive motors by the 
demand signal, particularly if the demand voltage is in 
the form of a step function. 

[0009] One commonly practised method is to reduce 

5 the overall feedback gain of the position and v locity 
servo loops. Reducing servo loop gain will reduce the 
frequency bandwidth of the control system i.e. the range 
of frequencies over which control can be maintained, 
and will result in the loss of servo performance, e.g. 

10 large position overshoot, poor position tolerance. Anoth- 
er commonly used method of combatting structural res- 
onance induced by the drive motors is to introduce a 
notch filter as part of the velocity loop, or in the input to 
the velocity servo controller. This notch filter is tuned to 

is the dominant resonant frequency of the machine. This 
method is limited however in that it removes movements 
only at one particular frequency and may also reduce 
the servo bandwidth for that axis. However, it is possible 
for a coordinate measuring machine axis to have more 

20 than one resonant frequency. 

[0010] It is also known from US Patent No. 5,594,668, 
to establish parameters characterising elastic bending 
behaviour of the CMM for several probe positions within 
the measuring range. This is done by determining com- 

25 ponents of the parameters which are dependent upon 
the position of the probe on the machine slides and on 
acceleration forces acting on the slides, and storing de- 
tails of these components as correction values for sub- 
sequent use in correcting measurements made on 

30 workpieces. 

[0011] These stored values are obtained by measur- 
ing the acceleration of the machine's slides during a 
measuring process, or by determining the acceleration 
from the positional data generated by the measuring 

35 systems of the machine, and differentiating the position- 
al data twice according to time. The disadvantage of this 
method however, is that it is not dynamic insofar as the 
correction values are generated during a calibration 
process and stored in a multidimensional correction ta- 

40 ble. In order to minimise the number of points required 
to be calibrated to construct this table, the ability to in- 
terpolate between points stored in the table is an essen- 
tial requirement of the system. 
[001 2] It is also known from UK Patent No. 2,045,437, 

45 to provide accelerometers in a probe which is mounted 
on the quill of a CMM, to determine from the measured 
accelerations of the quill what the resultant deflection of 
the quill is, and to correct the probe reading from such 
deflections. 

so [0013] Once again however, this process is not dy- 
namic insofar as it requires a calibration process to es- 
tablish in a memory store, a table of deflections for dif- 
ferent accelerations at different positions within the 
measuring volume of the machine, and the actual meas- 

ss urements taken during a measuring process are then 
corrected by reference to correction values taken from 
the memory store. 

[001 4] An object of the present invention is to provide 



2 



3 



EP 0 974 882 A2 



4 



a dynamic method of reducing acceleration-produced 
errors in machine measurements. 
[0015] Another object of the present invention is to 
provide apparatus which performs the abov method 
without reducing the range of frequencies over which 
good servo control over the machine movements can 
be maintained. 

[001 6] I n accordance with the present invention, there 
is provided a method of reducing measurement errors 
made by a machine using a probe comprising the steps 

of: 

deriving acceleration signals indicative of accelera- 
tions of moving parts of the machine, 
deriving from the acceleration signals, velocity sig- 
nals indicative of the change in velocity of the mov- 
ing part caused by the accelerations, and 
using the velocity signals in a velocity feedback con- 
trol loop to provide correction signals to the machine 
to reduce the effects of acceleration-induced de- 
flections of machine parts on the measurements 
made by the machine. 

[0017] It may be possible on some axes of the ma- 
chine to derive the acceleration signals by measuring 
the displacement of the respective moving part of the 
machine and differentiating the displacement twice with 
respect to time. 

[0018] Preferably however, the accelerations of the 
moving parts are measured directly using accelerome- 
ters placed in association with the respective parts. 
[0019] The accelerometers may be positioned on the 
readheads which measure the movements of the ma- 
chine axes, but the best results are obtained when the 
accelerometers are positioned on or close to the probe, 
e.g. in the probe body, on the head on which the probe 
is mounted, on the machine quill to which the head is 
mounted, or even on the probe stylus. 
[0020] Examples of preferred embodiments of the in- 
vention will now be described with reference to the ac- 
companying drawings in which: 

Fig 1 is an illustration of a CMM including a meas- 
uring probe mounted on an articulating probe head, 
Fig 2 is a block diagram of the control system for 
the CMM including the additional velocity feedback 
loop of the present invention, 
Fig 3 is a graphical representation of the frequency 
response of the probe head to the drive demand, 
and 

Fig 4 is a diagrammatic representation of the probe 
and probe head including accelerometers of the 
present invention. 

[0021] Referring now to Fig 1 , there is shown a CMM 
having a quill 10 mounted on a crosshead 12 for linear 
displacement in the direction of an axis Z, the crosshead 
12 being supported on a frame 14 for linear displace- 



ment in the direction of an axis X, and the frame 14 is 
supported on a base 16 for linear displacement in the 
direction of an axis Y. The axes X,Y and Z are mutually 
perpendicular. 

s [0022] In use, the quill 10 supports an articulating 
probe head 18, which in this embodiment, carries a 
scanning probe 20 having a stylus 22 with a spherical 
tip 24 for contacting a workpiece 26. It is to be under- 
stood that the invention is applicable for the control of 
vibrations in many types of machines carrying various 
types of probes including analogue scanning probes, 
touch trigger probe or non-contact probes. 
[0023] The members 1 0, 1 2, 1 4 are adapted to be driv- 
en in the directions of the X,Y and Z axes by motors MX, 
MY.and MZ respectively, and the instantaneous posi- 
tions of the members 10,12,14 in the respective direc- 
tions X,Y,Z are sensed in known manner by measuring 
devices (not shown) on the respective axes, for example 
scales and opto-electronic readheads. 
[0024] A controller 30, further detail of which is shown 
in Fig 2, is programmed to operate the motors MX.MY 
and MZ in order to move the probe stylus 22 over the 
surface of the workpiece 26 whereby the coordinate po- 
sitions of points on the surface of the workpiece may be 
determined. 

[0025] The articulating probe head 18 has two rela- 
tively rotatable parts 18Aand 18B, part 18A being rotat- 
able about the Z axis of the machine, and part 18B being 
rotatable about one of the X or Y axes of the machine 
in order to orientate the stylus within the working volume 
of the machine at any desired angle. It is to be under- 
stood however, that the articulating probe head is not 
an essential requirement of the machine system. 
[0026] Referring now to Fig 2, the CMM controller 30 
includes a computer 32 which generates demand sig- 
nals for the motors MX, MY and MZ. Fig 2 illustrates a 
servo-control system for one of the motors MZ, the op- 
eration of which is described bebw, it being understood 
that similar control loops are provided for the motors MX 
and MY 

[0027] In a measuring operation the computer is pro- 
grammed to move the machine to various positions rel- 
ative to the workpiece. To initiate a move the computer 
32 sends a speed demand signal 33 to the motor drive 
controller 34. The motor drive controller generates a sig- 
nal 35 which is passed to the drive motor MZ, which in 
turn drives the member 10 along the Z axis to the re- 
quired position. 

[0028] The velocity of the machine movement is con- 
trolled by a servo-loop which includes a tachogenerator 
36, which monitors the motor speed and sends a motor 
speed signal 37 back to the drive controller 34 which 
ensures that the motor is driven in accordance with the 
speed demand signal from the computer 32. 
[0029] In addition, a position servo loop is provided 
which comprises a linear encoder 38 on the Z axis of 
the machine which monitors the position of the member 
10 along the Z axis. Encoder 38 sends back a position 
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signal 39 to the computer 32 which maintains the speed 
demand signal until the member 12 has arrived at the 
desired point on the Z axis. 

[0030] Such servo loops are conventional in current 
CMM controllers. To complete the information required 
for the measurement process, signals 41 are provided 
from measuring devices in the articulating probe head 
and the probe to provide the computer 32 with informa- 
tion as to the orientation of the probe relative to the 
probe head, and the deflection of the probe stylus rela- 
tive to the probe body due to contact of the stylus with 
the workpiece. This information along with the informa- 
tion from the linear encoders 38 in each axis enables 
the computer to calculate the co-ordinates of points on 
the surface of the workpiece which are contacted by the 
stylus ball. 

[0031] Referring now to Fig 3, line L1 shows a typical 
frequency response of the probe head in the Z axis to 
the motor drive demand. In the figure, the vertical axis 
shows the magnitude of the displacement of the ma- 
chine quill 1 0 relative to the readheads due to vibration, 
against the frequency which is plotted on the horizontal 
axis. It can be seen that at low frequencies up to point 
A the system acts as if the machine structure was rigid 
and there is virtually no deflection of the machine quill 
10, and thus the probe, relative to the readhead due to 
vibration. However, beyond point A as the frequency in- 
creases and the displacements of the probe and read- 
heads become uncoupled, the magnitude of the relative 
deflection produced by the vibration increases and 
reaches a peak as the frequency passes through the 
resonant frequency of the machine structure. Beyond 
the resonant frequency the displacements of the probe 
and readheads fall away rapidly. 
[0032] The present invention provides a method of 
minimising the effect of these deflections caused by ma- 
chine vibration on the measurements made by the probe 
during a measuring process. This is achieved by the in- 
clusion of a further feedback loop in the controller which 
operates as described below. Once again the additional 
feedback loop is described with reference to the Z axis 
only, it being understood that similar feedback loops will 
be added to the control of the X and Y axis movements. 
[0033] Referring once again to Fig 2 the novel addi- 
tional features of the further feedback loop are enclosed 
inside the dotted line referenced 42. 
[0034] An accelerometer 44 positioned in the probe 
or probe head, measures the accelerations of the probe 
head or probe as the machine moves in response to the 
motor speed demand signals and produces an acceler- 
ation signal 45. 

[0035] The signal 45 is integrated and multiplied by a 
scaling factor in an integrating and scaling circuit 46 to 
obtain the velocity of the probe in the respective axis 
direction which is due to the acceleration. 
[0036] The integration and scaling process 46 can be 
implemented either by an analogue electronic circuit or 
in digital software. Signals produced from accelerome- 



ters are normally prone to offset drift caused by changes 
in temperature and accelerometer mounting orientation. 
The integrator is frequency bandwidth limited to remove 
tow frequencies and offset signals, so that th integrator 

5 will only operate above the integrator frequency (wi). 
The integrator frequency (wi) is fairly low, generally 
about one order to magnitude below the resonant fre- 
quency of that axis. The derived bandwidth limited quill 
velocity signal 47 is passed to a second order high pass 

10 filter 48 which eliminates frequencies below the lowest 
resonant frequency of the machine to produce the re- 
quired velocity signal 49. Again this filter 48 can either 
be implemented by an analogue electronic circuit or in 
digital software. 

is [0037] The velocity signal 49 is fed to the a junction 
50 where it is added to the speed demand signal from 
computer 32 to close the servo loop with the motor drive 
controller 34. Once again this further servo loop can be 
implemented either in software or hardware, and can 

20 form part of the CMM controller or may be an external 
addition to the CMM controller. 
[0038] The additional servo loop increases the band- 
width of frequencies over which velocity control is pos- 
sible. Low frequency velocity components from the 

2S probe head are not fed back by this servo loop due to 
the operation of the high pass filter. At these lower fre- 
quencies, i.e. below the resonant frequency of the ma- 
chine structure on which the probe head is mounted, the 
probe head is rigidly coupled to the drive motor through 

30 the CMM structure, and any tow frequency velocity 
changes can be handled by the conventional velocity 
control servo loop. However, at or above the resonant 
frequency of the machine structure, the probe head 
starts to become uncoupled from the motor. Since the 

35 high pass filter cuts in at frequencies when the probe 
head is not rigidly coupled to the motor, this added servo 
loop allows direct velocity control of the probe head and 
thus electronically increases the stiffness between the 
probe head and the drive motor at these higher frequen- 
ce cies. 

[0039] In Fig 3 line L2 shows that the magnitude of 
the quill deflections in the Z axis have been reduced us- 
ing the additional control loop without reducing the 
range of frequencies over which the control system can 
45 operate. 

[0040] Fig 4 shows diagrammatically the probe head 
of the invention with accelerometers 44 for providing 
measurements of accelerations in the three orthogonal 
axes. The invention may be implemented by providing 
50 three accelerometers aligned for maximum response in 
each of the three orthogonal axes, or by providing a sur- 
face mounted integrated circuit for measuring acceler- 
ations in the three directions. 

[0041] Refinements may be included in the basic cir- 
55 cuit shown in Fig 2 to improve the frequency bandwidth 
of the servo loop. 

[0042] For example a p re-filter may be added be- 
tween the speed demand signal 33 and the summing 
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junction 50 to introduce frequency shaping to maintain 5. 
as flat a closed loop frequency response as possible. In 
addition a compensator may be added after the sum- 
ming junction to introduce further frequency shaping to 
improve servo loop stability and increase the bandwidth 5 6. 
of the servo system. 

[0043] Although the preferred embodiment has been 
described as using accelerometers mounted on the 
probe head this is not essential for operation of all em- 
bodiments of the invention. In certain types of CMMs the 10 
opto-electronic readheads, which take position readings 
from the machine scales may on some axes (particularly 
the Z axis), may be rigidly coupled to the probe. In such 
cases, for those axes, the velocity of the probe may be 
derived from either an accelerometer on the readhead, is 
or by differentiating the readhead position signal over 
time. 



Claims 20 

1 . A method of reducing measurement errors made by 
a machine using a probe (20) carried by the ma- 
chine characterised by the steps of: 

25 

deriving acceleration signals (45) indicative of 
accelerations of moving parts of the machine, 
deriving from the acceleration signals, velocity 7. 
signals (49) indicative of the change in velocity 
of the moving part caused by the accelerations, 30 
and 

using the velocity signals in a velocity feedback 
control loop (34,36,37,49,50) to provide correc- 
tion signals to the machine to reduce the effects 
of acceleration-induced deflections of machine 35 s. 
parts on the measurements made by the ma- 
chine using the probe. 

2. A method according to claim 1 and characterised in 
that the machine has a movable spindle (10) which *o 
carries the probe (20), and the movements of which 
are controlled by a controller (30) to enable the ma- 
chine to take measurements of a workpiece, the 
controller including a velocity feedback control loop 
(34,36,37) to which the velocity signals (49) derived 45 
from the acceleration signals are passed to reduce 
the changes in velocity of the probe caused by the 
accelerations. 

3. A method according to claim 1 characterised in that so 
the acceleration signals (45) are derived by meas- 
uring actual accelerations of moving parts of the 
machine. 



A method according to claim 1 characterised in that 
the velocity signals (49) are obtained by integrating 
the acceleration signals (45) with respect to time. 

A machine having relatively movable parts, one of 
which (10) carries a probe (20), a controller (30) 
which controls movements of the relatively movable 
parts to bring the probe into a predetermined rela- 
tionship with a workpiece to enable the machine to 
take measurements of the workpiece using the 
probe, the controller including a velocity feedback 
control loop (34,35,36,37) for controlling the veloc- 
ity of the moving parts of the machine, character- 
ised in that at least one accelerometer (44) is at- 
tached to at least one of the moving parts and which 
produces a signal (45) indicative of the acceleration 
of the moving part to which it is attached in the di- 
rection of one of the movement axes of the ma- 
chine, means (46,48) are provided for deriving from 
the acceleration signal a velocity signal (49) indic- 
ative of the change in velocity of the moving part 
caused by the acceleration and the velocity signal 
is passed to the velocity feedback loop of the con- 
troller to reduce the effects of acceleration-induced 
deflections on measurements made by the ma- 
chine. 

A machine according to claim 1 having a movable 
spindle (10) on which the probe (20) is mounted 
characterised in that said at least one accelerome- 
ter (44) is mounted so as to measure the accelera- 
tion of the probe in at least one of the movement 
axes of the machine. 

A machine according to claim 7 characterised in 
that three accelerometers (44) are used to measure 
accelerations of the probe in the three main move- 
ment axes of the machine. 



4. A method according to claim 3 characterised in that 55 
the acceleration signals (45) are derived by meas- 
uring actual accelerations of the probe. 
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